Abstract. In March 1996 an intense swarm of volcano-tectonic earthquakes (-3000 felt by local residents, A/max-5.1, cumulative moment of 2.7 x 10 •8 N m) beneath Akutan Island in the Aleutian volcanic arc, Alaska, produced extensive ground cracks but no eruption of Akutan volcano. Synthetic aperture radar interferograms that span the time of the swarm reveal complex island-wide deformation: the western part of the island including Akutan volcano moved upward, while the eastern part moved downward. The axis of the deformation approximately aligns with new ground cracks on the western part of the island and with Holocene normal faults that were reactivated during the swarm on the eastern part of the island. The axis is also roughly parallel to the direction of greatest compressional stress in the region. No ground movements greater than 2.83 cm were observed outside the volcano's summit caldera for periods of 4 years before or 2 years after the swarm. We modeled the deformation primarily as the emplacement of a shallow, east-west trending, north dipping dike plus inflation of a deep, Mogi-type magma body beneath the volcano. The pattern of subsidence on the eastern part of the island is poorly constrained. It might have been produced by extensional tectonic strain that both reactivated preexisting faults on the eastern part of the island and facilitated magma movement beneath the western part. Alternatively, magma intrusion beneath the volcano might have been the cause of extension and subsidence in the eastern part of the island. We attribute localized subsidence in an area of active fumaroles within the Akutan caldera, by as much as 10 cm during 1992-1993 and 1996-1998, to fluid withdrawal or depressurization of the shallow hydrothermal system.
Harbor (Figure 3 ). Seismic activity in this area was quite high when the temporary stations were first deployed in March 1996 and declined rapidly almost to quiescence by the time the permanent network became operational in late July 1996. Well-located earthquakes in this cluster range in depth from roughly sea level to -8 km. To test the reliability of these depths, we located a suite of -400 events from this cluster that each contained at least four P arrivals and two S arrivals, using several velocity models. There was little change in the depth distribution, suggesting that the depth determinations are relatively robust. Earthquakes within this cluster dip steeply to the northeast, but the dip angle is strongly dependent on the velocity model and therefore the dip is poorly constrained. Owing to the network geometry, earthquakes that might have occurred under Lava Point or the Akutan caldera in the northwest part of the island would have been mostly overlooked, unless they were large enough to be detected by the four stations in the eastern part of the island. Locations of some of the earthquakes in the cluster beneath the eastern part of the island might have been biased for the same reason, i.e., the limited number of temporary stations and the network geometry. Between March 18 and July 26, 1996, we also observed a small number of epicenters that extend southeastward from the strong cluster near the head of Akutan Harbor to the tip of the island. The depths of well-located earthquakes in this group range from 2 to 6 km ( Figure 3a) . Although the accuracy of these locations is poor, on the basis of the order of arrival times at the temporary stations we are convinced that the epicenters extend across the southeast part of the island. Our confidence is bolstered by additional earthquakes that were located in this area after the permanent network was installed ( Figure 3b) .
As soon as the permanent network became operational on July 26, we began to locate earthquakes beneath the Akutan caldera and Lava Point, as well as in the previously recognized active areas near the head of Akutan Harbor and the southeast part of the island (Figure 3b ). The earthquakes beneath Lava Point are located mainly between depths of 5 and 9 km, while those beneath the caldera cluster are located between I and 4 km depth. Taken in total, the earthquake epicenters form a diffuse NW-SE band that extends from Lava Point to the southeast shore of the island (Figure 3b ) and approximately aligns with the fresh ground cracks on the western and eastern parts of the island. From August 1, 1996, to December 31, 1998, we located more earthquakes under Lava Point and the Akutan caldera than near the city of Akutan, which suggests that a similar pattern might have held from March 18 to July 26, 1996. We suspect that areas beneath the caldera and Lava Point were seismically active throughout 1996, but the temporary network lacked sufficient coverage to detect or locate earthquakes there between March and July. Therefore we mainly used the seismicity pattern from August 1, 1996, to December 31, 1998 to constrain deformation models (see Section 3). . This study demonstrated that SAR interferometry is a useful tool to prospect for magma bodies by detecting deformation that is virtually aseismic and therefore difficult to detect by conventional means. Reduction of radar coherence is the major obstacle to applying SAR interferometry on Aleutian volcanoes. Radar returns must be coherent in order for useful information to be derived from interferograms. This is a fundamental assumption during the generation of an interferogram from a pair of SAR images acquired at different times. At Aleutian volcanoes, processes that reduce intefferometfic coherence include snow/ice melting and accumulation, freezing/thawing of surface material, and erosion/deposition of volcanic ash. Therefore the best chance of producing cohe.rent interferograms comes from using images that were acquired during summer or early fall, separated in time by 1 year to a few years ].
In this study, we produce several interferograms for Akutan Island from 1992 to 1998 and explore various numerical models to help constrain the processes responsible for the March 1996 earthquake swarm. This is the first geodetic measurement conducted for this volcano. We conclude that the swarm was caused at least in part by inflation of a magma body beneath Akutan volcano and (Table 1) We also looked for evidence of ground deformation at Akutan for several years before and after the March 1996 swarm by producing four interferograms spanning the following time intervals (Table 1) 
Deformation Modeling
The complexity of the deformation pattern revealed by the interferograms in Plate I and the patch-like nature of coherent areas make it difficult to identify a unique model for the deformation sources. The earthquake distribution from March 18 to July 26, 1996, is a poor guide to the geometry and location of sources for reasons discussed earlier. However, with the geometry of new surface fractures and the pattern of seismicity from August 1996 to December 1998 as constraints, we explored several models using a conventional buried point source [Magi, 1958] and elastic dislocations [Okada, 1985] . Our preferred model successfully explains most of the observations. The main assumption used in constructing the models is that the crust beneath Akutan Island is an isotropic• elastic half-space. The pattern of range changes produced by dislocation sources was calculated using computer programs written by Feigl and Dupre [ 1999] .
The interferogram shown in Plate l a was "unwrapped" using the technique described by Goldstein et al. [1988] . In areas with good coherence and clearly differentiated fringes, repetitive phase values ranging from 0 to 2•r can be unwrapped to produce a cumulative displacement field. Owing to the patch-like nature of the coherent areas (Plate l a), we developed a technique to unwrap the 12 regions with good coherence separately and then mosaic the pieces together (Plate 3a). We carefully examined the unwrapped interferogram to ensure that no artifacts were created during the unwrapping process.
The We started with only one Mogi source, then only one dike source, and finally one Mogi source plus one dike. For each iteration of modeling, we calculated a residual image, which is the difference between observed and modeled range change. We chose the following criteria to evaluate the modeling results (Table 2) The results of modeling a single Mogi source delineate two distinct minima: one deep and one shallow (Table 2) . Although the improvement in variance and sum-squared errors is only marginally better for a composite source (Mogi plus dislocation) over the single dislocation source (Table 2) , the composite source is our preferred model for two reasons. First, the relative shift of range change between patch 1 and patch 2 (shift I -shift 2 in Table 2 ) is more reasonable for the composite source than for the single dislocation source. Second, the fringe gradient on the northwest flank of the volcano is much higher than on the rest of the west end of the island, suggesting at least two sources of deformation. Note that modeling the composite source while forcing the shift between patches I and 2 to be zero yields a model with parameters that fall within the 95% confidence limits estimated for the best fit composite model in Table 2 .
Of the two sources in the preferred composite source, the dike source is better constrained. We perturbed some of the model parameters one at a time and used an F test to estimate 95% confidence limits of the more important parameters. The 95% confidence interval for the depth to the top of the dike is Even though the preferred composite source successfully models 99% of the signal in the unwrapped interferogram, it is clear from the residual interferogram in Plate 3e that the deformation field on the east side of the island has not been adequately modeled. We attempted to model the subsidence observed there using various contracting sources. These efforts led to only a modest increase in the overall fit, so they are not discussed further here. The mechanism responsible for subsidence on the east side of the island therefore remains unknown.
We did not attempt to model the source responsible for intracaldera subsidence (Plate 2 and Figure 4 ), but it is clear from the localized nature of the deformation that the source is shallow, probably within 2 km of the surface. We infer that the source is closely associated with fumarolic areas on the south and southwest flank of the active intracaldera cone.
Presumably, subsidence results from fluid loss or depressurization of a shallow hydrothermal system that supplies the fumaroles.
Discussion

SAR Interferometry Compared to Conventional Geodetic Techniques
The complexity of the 1996 deformation field at Akutan makes SAR interferometry very attractive because of its 
Interpretation of the March 1996 Swarm and Future Challenges
The orientation of the observed ground cracks associated with 1996 seismic swarm and the distribution of seismicity from August 1996 to December 1998 fit well with the regional tectonic stress regime. Stress orientations in the Aleutian arc and the rest of Alaska were studied in detail by Nakamura et al. [ 1977] and Nakamura and Uyeda [ 1980] . They concluded that the stress regime generally changes from compressional in the thrust zone close to the trench to shear along the volcanic arc landward to tensional in the back arc. They proposed that flank eruptions for polygenetic volcanoes can be regarded as the result of a large-scale natural magmafracturing experiment [Nakamura et al., 1977] Earthquakes that continued to occur beneath Lava Point and the summit caldera from August 1996 to December 1998 may represent continued stress adjustments to the March 1996 intrusion. The apparent shoaling of hypocenters beneath the caldera suggests that this area may be too hot to support brittle failure below a depth of 3-4 km.
Numerical modeling of the 1996 deformation field at Akutan volcano proved to be challenging, in spite of the fact that SAR interferometry provided much more geodetic information than is typically available for such an event. The pattern of seismicity shown in Figures 2 and 3 suggests that multiple deformation episodes contributed to the overall field imaged in Plate 1 and modeled in Plate 3. In the future, a new generation of radar satellites with more frequent passes and better orbit control (yielding shorter baselines and thus more useable image pairs) might make it possible to distinguish among separate deformation events that occur over timescales of a few months, such as those represented in Figures 3a and  3b . However, heavy snow cover during the March 1996 swarm would still preclude separation of the deformation events recorded in Figure 2 , which spans just 5 days.
The interferograms presented here provide a rare glimpse of surface deformation associated with intrusive processes beneath an island arc volcano.
Often such effects are obscured by subsequent eruptive activity. In this case, even though no eruption occurred, the picture that emerges is complicated and not fully understood. Nonetheless, our results suggest that SAR interferometry has the potential to elucidate not only shallow magma bodies that feed eruptions but also their intrusive underpinnings.
Conclusions
Using repeat-pass SAR interferometry, we successfully imaged a complex pattern of ground deformation associated with an earthquake swarm beneath Akutan Island in March 1996. Two interferograms that span the swarm reveal asymmetric uplift of Akutan volcano on the west side of the island and subsidence on the east side. Tumescence of the volcano was caused by inflation of a deep magma reservoir and intrusion of a shallow, steeply dipping dike to within a few hundred meters of the surface beneath the volcano's summit area and northwest flank. Subsidence of the east side of the island may have been caused by extensional strain and/or depressurization of the groundwater system, triggered by inflation or magma movements beneath the west side. This scenario is generally consistent with the deformation pattern revealed by interferograms, the mapped pattern of ground cracks, the distribution of earthquake hypocenters, and the regional stress regime.
No ground movements greater than one interferometric fringe (2.83 cm) were observed outside the caldera in several interferograms for periods of 4 years before or 2 years after the 1996 earthquake swarm. Inside the caldera, localized subsidence by as much as 10 cm during 1992-1993 and 1996-1998 seems to be associated with a zone of active fumaroles.
Subsidence is attributed to depressurization or fluid loss from a shallow hydrothermal system beneath the fumaroles.
We conclude that satellite radar interferometry is a useful tool for measuring the deformation of Aleutian volcanoes, at least where lava flows predominate, but only during or between relatively short Alaskan summers. For the technique to become an effective volcano monitoring tool, however, shorter imaging repeat times (of the order of a few days rather than weeks) and longer-wavelength radars (for example, 24-cm L-band like JERS-1 SAR) are essential. Realization of this potential must await the launch of new satellites with missions dedicated at least partly to radar interferometry.
